The present study evaluated the phosphorus removal in a Sequencing Batch Reactor (SBR -2,500L) used to treat the wastewater from an office building in two steps: phase I-Enhanced biological phosphorus removal (EBPR) and phase II-co-precipitation using FeCl 3 as precipitant. The raw sewage presented a high organic load variation ranging from 0.11 (phase I) to 0.66 (phase II) kgCOD.m -3 .d -1 . A better phosphorus removal performance was obtained during co-precipitation (from 19.0 to 1.2 mg.L -1 = 93% of efficiency) compared with biological removal (from 15.6 to 9.0 mgL -1 = 42% of efficiency). FISH analyses did not demonstrate a strong PAO inhibition; however, nitrifying and denitrifying organisms (NSO and PAE) showed a significant activity reduction during phase II. Therefore, the bench tests made to obtain the oxygen uptake rate (OUR) revealed a heterotrophic organisms activity significantly lower in phase II (46.8 mgDQO T .L -1 ) than phase I (211.8 mgDQO T .L -1 ), indicating metabolic inhibition. The co-precipitation processes enhanced phosphorus removal, bringing the SBR effluent into accord with state law requirements; however, the inhibitory effect of ferric chloride on microorganism activity was highlighted.
INTRODUCTION
Nowadays, the high phosphorus loads present in industrial and domestic effluents have caused serious ecological imbalances. When discharged into water bodies without proper treatment, these effluents stimulate primary production, causing several disturbances in oxygen availability. Therefore, the removal of phosphorus compounds from effluents is the key factor to prevent the eutrophication process.
By contrast, removing phosphorus efficiently from sewage is hard work, requiring chemical supplies and accurate operation of wastewater treatment plants (Metcalf and Eddy, 2003) . Thus, researchers around the world have been making efforts to develop and enhance technologies for phosphorus removal from domestic wastewater. This challenge also involves improvement of biological reactor designs to attain a smaller constructed area while saving energy and chemical costs.
In this sense, the sequencing batch reactor (SBR) is possibly the most promising and viable activated sludge variation, designed for removing organic carbon and nutrients such as phosphorus. In a relatively short period, it has become an increasingly popular treatment for domestic and industrial wastewaters. It is known as a suitable option for decentralized solutions providing effective biological treatment, due to its versatility and operational flexibility (Artan and Orhon, 2005) .
Commonly, the removal of phosphate compounds using an SBR occurs through two main pathways: bioaccumulation, and chemical precipitation of poorly soluble compounds (Metcalf and Eddy, 2003) . Biological phosphorus removal in SBR based systems depends on the uptake of excess phosphorus by bacteria known as polyphosphate-accumulating organisms (PAOs) (Akin and Ugurlu 2005; Fernandes et al., 2014) . This is typically achieved by alternating anaerobic, aerobic, or anoxic conditions (i.e., conditions that use nitrate as an electron acceptor) with biodegradable organic carbon under anaerobic conditions (Wu et al., 2009) . Although some uncertainty remains regarding PAO metabolism, it is widely accepted that PAOs gain a competitive advantage over other organisms because of their ability to take up organic carbon (e.g., volatile fatty acids [VFAs] ) anaerobically and store it as intracellular polymers (polyhydroxyalkanoates [PHAs] ) to process later under either anoxic or aerobic conditions (Schuler and Xiao, 2008) . In the subsequent aerobic stage, PAOs oxidize PHAs to obtain energy for growth, glycogen replenishment, and phosphorus uptake (Seviour et al., 2003; Oehmen et al., 2010; Marques et al., 2017) .
The concentration of easily biodegradable organic matter is usually insufficient in domestic wastewater for nitrogen and phosphorus removal, resulting in a competition for carbon sources between phosphorus removal and traditional heterotrophic denitrification, which leads to the failure of enhanced biological phosphorus removal (EBPR) in treatment plants (Mielcarek et al., 2015; He et al., 2016) .
Therefore, a chemical precipitant is frequently required to supplement phosphorus (P) removal in modified activated sludge systems designed to remove P biologically, where such systems are unable to achieve the required effluent P concentration by biological treatment. According to different chemical addition strategies in wastewater treatment plants, the chemically assisted phosphorus removal process can be divided into chemical pre-treatment (chemical is used for enhanced primary treatment), chemical posttreatment (chemical is used for tertiary treatment), and co-precipitation treatment (addition of chemical directly into the biological reactor) (Filali-Meknassi et al. 2005; Cui et al., 2009; Zhang et al., 2013) .
According to Filali-Meknassi et al. (2005) , coprecipitation is flexible to changing conditions and achieves low effluent phosphate levels. Furthermore, co-precipitation presents advantages as it efficiently removes biological oxygen demand, heavy metals, organic micropollutants and viruses. On the other hand, the simultaneous addition of chemical precipitants such as ferric chloride in aerated reactors may cause inhibition of bacterial metabolism and reduce biological P removal efficiency; however, this is not consensual between authors (De Haas et al., 2000; Sarparastzadeh et al., 2007) . Moreover, when large amounts of precipitants are used, a chemical sludge may be generated with potential toxicity (ESPP, 2013) .
Thus, the present study aimed to evaluate the biological phosphorus removal and the coprecipitation treatment using ferric chloride (FeCl 3 ) to enhance phosphorus removal from sewage in an SBR. In addition, the activity of phosphorus-accumulating organisms (PAOs/DPAOs) and the possibility of metabolic activity inhibition due to FeCl 3 addition were also evaluated.
MATERIALS AND METHODS

SBR design and operation
This research was carried out through operation and monitoring of a full-scale fiberglass-made sequencing batch reactor (SBR), with a total volume of 2,500 L ( Figure 1A ). The SBR was step-fed by sewage from an office building (about 30 individuals) and a family house (5 individuals). The aeration was performed by two diffuser membranes connected to a pump with an air flow rate of 120 L.h -1 . The reaction time in each cycle was defined through previous studies, aimed at the development of PAOs and denitrifying polyphosphate accumulating organisms (DPAOs).
The SBR used a three-step-feed scheme, which was also operated sequentially in an 8 h cycle, totaling an influent flow rate of 2,100 L.d -1 (approximately 700 L for each cycle). Thus, the total volume treated during each cycle was loaded in three steps of about 230-250L. The three-stage step-feeding was conducted at the beginning of each anoxic stage, aiming to provide an organic carbon source for denitrifying microorganisms (Fernandes et al., 2014 ) . The 8 h cycle consisted of 1 h 50 min anoxic, 20 min oxic, 1 h 50 min anoxic, 20 min oxic, 1h 50 min anoxic, 20 min oxic, 60 min settling, and 30 min draw, interspersing denitrification and nitrification conditions during each reaction time (2 h 10 min). The scheme of the operational cycle is shown in Figure 1 (A and B) . Additionally, during each anoxic stage, air pulses (turned on every 3 minutes for 5 seconds) were applied to keep the liquid mixed. The SBR operation cycle was totally automatized by a programmable logic controller (PLC -Scadaweb Rotária do Brasil ™ ). The sludge retention time (SRT) was adjusted to 20 days.
The SBR operation was divided into two different phases. In phase I (running for 56 days), P removal was performed by the biological removal process. In phase II (running for 63 days), co-precipitation was conducted to enhance P removal, applying ferric chloride during the last oxic stage (nitrification condition) ( Figure 1B ). The precipitant solution (196 mg FeCl 3 .L -1 ) was added using a peristaltic pump (Exatta™, 20 L.min -1 ) with a flow rate of 0.86 L.h -1 to reach 258 mL of FeCL 3 solution applied per cycle or 774 mL of FeCl 3 per day. Thus, the final concentration in the mixed liquor was approximately 0.072 mg L -1 FeCl 3 .. This dosage was previously tested using jar test assays (data not shown).
Monitoring
To evaluate the SBR performance on phosphorus removal by biological and co-precipitation processes, a monitoring plan was conducted by sample collection and analysis of physicochemical parameters, as well as biological activity analysis. Samples were collected fortnightly from the SBR inlet and outlet, as well as in the sludge (mixed liquor) during the last oxic stage (nitrification condition). Additionally, the sludge was submitted to bench tests to determine the oxygen uptake rate (OUR), the activity of phosphorus-accumulating organisms (PAOs), and denitrifying polyphosphate accumulating organisms (DPAOs).
Physicochemical Analysis
The following physicochemical parameters were analyzed: dissolved oxygen (DO), pH, nitrate nitrogen (N-NO 3 ), nitrite nitrogen (N-NO 2 ), orthophosphate (P-PO 4 ), chemical oxygen demand (COD -total and soluble), biochemical oxygen demand (BOD), total phosphorus (TP), total Kjeldahl nitrogen (TKN), ammonia nitrogen (N-NH 3 ), alkalinity, volatile and total suspended solids (VSS, TSS), total dissolved solids (TDS) and sludge volume index (SVI). The dissolved oxygen concentration and pH were measured online using a probe (HACH -model DQ40d multi). N-NO 3 , N-NO 2 and P-PO 4 were quantified by ion chromatography (DIONEX -ICS-5000, Thermo Scientific). All the analyses were conducted according to Standard Methods (APHA, 2012).
Biological activity assessment
The oxygen uptake rate (OUR) was assessed according to Ochoa et al. (2002) . It was measured in suspended biomass using a closed respirometry unit under three different conditions, in order to obtain:
(1) endogenous OUR; (2) oxygen consumption during nitrification without a carbon source; and (3) exogenous respiration rate with a carbon source and allylthiourea, which is a nitrification inhibitor. The active heterotrophic X H (mg COD T .L -1 ) and autotrophic biomasses X A (mg COD T .L -1 ) were calculated according to Activated Sludge Model No. 1 (ASM1) (Henze et al., 1987) .
The phosphorus uptake rate (PUR) tests were conducted according to the adapted methodology of Monclús et al. (2010) . Samples of activated sludge from the SBR were analyzed to determine the PAOs and DPAOs activity under anoxic and anaerobic conditions, i.e. the phosphorus uptake and release rates of the active biomass present after being incubated anaerobically. The phosphate uptake rates (PURs) were estimated from the linear regression of phosphorus concentrations, and the ratio of anoxic PUR to aerobic PUR (anoxic/aerobic PUR ratio) was used as an index that reflected the fraction of DPAOs.
In addition, the microorganisms were identified using fluorescence in situ hybridization (FISH) (Amann, 1990) . Samples were fixed in 4% paraformaldehydephosphate-buffered saline and placed on 0.1% gelatin and 0.01% KCr(SO 4 ) 2 gelatin-coated glass slides. The probes used for bacterial identification are shown in Table 1 ; probe details are available at probeBase. Microbial cells were detected by staining with 1% 4,6-diamidino-2-phenylindol (DAPI). The slides were then examined by microscopic analysis (Olympus BX41). All samples were analyzed against DAPI staining, which was considered 100%.
RESULTS AND DISCUSSION
SBR efficiency
The average values for physicochemical parameters and the evaluated efficiency are found in Table 2 . Considering the operation period for phase I and phase II, the findings showed that the phosphorus removal efficiency strongly improved during the coprecipitation operation.
As demonstrated in Table 2 , the pH values remained stable and suitable for P removal processes. In spite of a Table 1 . Probe, specificity, and sequences used for fluorescence in situ hybridization (referenced from probeBase). slight pH increase observed during the co-precipitation operation, derived from raw sewage (influent), the effluent of both phases was similar and remained in the range of 7.3 to 7.4. According to Ong et al. (2013) , a pH close to 8.0 leads to better biological phosphorus removal efficiency. This fact is confirmed by Jeon et al. (2001) , where the authors confirmed that, at this pH value, PAOs use more ATP (adenosine triphosphate) as an energy source than NADH (nicotinamide adenine dinucleotide) during acetate consumption. ATP is the main energy source for PAO, as well as NADH for glycogen accumulating organisms (GAO). It is important to remember that ATP production and new cell growth are basic mechanisms for phosphorus uptake from wastewater.
By contrast, Szabó et al. (2008) showed that a pH range between 6.0 and 7.5 is better for phosphorus chemical precipitation in wastewater treatment plants (WWTP). The pH values found in the present study appear suitable for both chemical precipitation and biological removal. De Haas et al. (2000) assessed organic and chemical precipitation simultaneously finding stable pH values ranging from 7.0 to 7.7 at the dosing point. Considering FeCl 3 as precipitant, which is an acidic solution, pH and alkalinity decreases were expected in the final effluent, which can cause the death of cells inside the SBR. However, Fulazzaky et al. (2014) verified that most nitrifying bacteria can assimilate nitrogen and phosphorus, and incorporate it via cell growth and reproduction with a pH range of 5.61-6.64.
Considering the role of pH stability, the alkalinity is an important parameter for both chemical and biological removal processes. Hoffmann et al. (2007) , studying a pilot SBR, revealed that the alkalinity must remain over 75 mg CaCO 3 .L -1 to avoid the disruption of floc structure and a decrease in biomass activity.
In the present study, the alkalinity values remained between 487±134 mg CaCO 3 .L -1 (phase I) and 445±84 mg CaCO 3 .L -1 (phase II), considered suitable to support buffering. On the other hand, Szabó et al. (2008) affirms that high influent alkalinity reduces phosphorus removal efficiency by precipitation, due to a possible competition between carbonate and phosphate ions. In accordance, Ge et al. (2018) stated that alkaline conditions lead to a decrease of P removal, since the surface of metal hydroxide precipitant becomes more negatively-charged, which then strengthens the electrostatic repulsion between the P ions and metal hydroxide.
The availability of an organic carbon source, represented by the COD/BOD ratio, is an important factor in the phosphorus uptake metabolism of heterotrophic organisms. Thus, the COD/BOD ratios found were 1.44 and 1.43 in phases I and II, respectively, indicating a good potential of biodegradability.
However, the influent COD and BOD concentrations were lower during phase I (255 mgCOD.L -1 and 177 mgBOD.L -1 ) than phase II (765 mgCOD.L -1 and 532 mgBOD.L -1 ) and, according to Metcalf & Eddy (2003) , it can be considered to be low-strength wastewater. By contrast, ammonium and phosphate concentrations were higher (53 mg NH 3 .L -1 and 11 mg PO 4 .L -1 ) during phase I, conferring on the wastewater a C:N:P ratio of 10:2:1. The P/COD ratios of 0.06 and 0.02 for phases I and II, respectively, were favorable for the biological treatment. These ratios could be explained by the sewage origin, which presents more urine content than a usual sanitary wastewater. Table 2 shows the large difference in the raw sewage organic load between phases I and II and the high BOD removal efficiency, reaching 80% (phase I) and 93% (phase II). These results of organic matter consumption in the reactor indicate a suitable operation and a biomass stability.
The applied organic loads were on average 0.105 kg COD.m -3 .d -1 (phase I) and 0.660 kg COD.m -3 .d -1 (phase II ), resulting in loads approximately six times greater in phase II. The low food availability during a long period could probably have impaired the activity of PAOs, reducing the efficiency of biological phosphorus removal in phase I. In agreement, the F:M (food: microorganisms) ratio found in phase I (0.07 kgBOD.kgVSS -1 ) was much lower than the F:M ratio during phase II (0.40 kgBOD.kgVSS -1 ). On the other hand, the COD / SCOD ratio was lower during phase I (2.2 compared to 6.4 in phase II) where almost half of the total COD was soluble (Table 2 ). This means that the food readily available for the microbiota was quite similar in both phases, in spite of the strong difference of total COD. Moreover, the total COD removal efficiency was higher in phase II, while the SCOD efficiency was higher in phase I, showing the effect of precipitant in particulate COD removal and biological activity inhibition. This effect is discussed further in the biological analysis section.
Considering nitrogen removal in Table 2 , it is evident that the denitrification process in phase I could not reach the suitable equilibrium with nitrification entailing nitrite and nitrate accumulation. However, the higher nitrate removal in phase II is not necessarily attributed to denitrifying because ferric chloride could cause the precipitation of both anions (nitrite and nitrate). According to Philips at al. (2003) the decrease in nitrification and denitrification could be an indirect consequence of the effect of the iron salts on the floc structure, where Fe(III) produced small, weak flocs, with high amounts of protozoa. Due to the difficult settling of these small flocs, the nitrifying community can be washed out of the reactor, thus causing decreased efficiency.
During phase I, with biological treatment for phosphorus removal, the removal efficiencies were unsatisfactory, reaching 39% for orthophosphate and 41% for total phosphorus (TP). An average TP concentration of 9.0 ± 4.4 mg.L -1 was measured in the effluent, exceeding the discharge limits (Santa Catarina State Law 14.675/09 -4.0 mgTP.L -1 or 75% of efficiency for total phosphorus removal) ( Table 2 and Figure 2) . Costa et al. (2013) , assessing bacterial phosphorus assimilation by SBR, showed a phosphorus removal efficiency of 54% during aerobic condition, while the average concentrations decreased from 26 to 12 mgPO 4 .L -1 . However, during the anoxic condition, a small amount of phosphate was released, and the PO 4 concentration increased from 12 to 14 mg.L -1 with COD consumption.
An efficiency improvement was observed in phase II (co-precipitation) with the TP removal efficiency reaching 93% using the precipitant FeCl 3 . Similar results were obtained by Filali-Meknassi et al. (2005) treating slaughterhouse wastewater, with a dosage of 6000 mg FeCl 3 6H 2 O.L -1 where the total phosphorus removal efficiency achieved 96%. The high TP removal efficiencies were maintained even after the strong increase of phosphorus concentration in the influent (50 mg TP.L -1 ). This fact may indicate the operational stability of co-precipitation that supported a high range of raw wastewater concentration.
Considering the particulate and soluble portions, it was noted that the TP:PO 4 ratio was reasonably higher during phase II (2.4) than phase I (1.4). This unintentional fact may have implied improved performance for both strategies, since the low TP: PO4 ratio indicates more phosphorus in the soluble form, favoring biological removal. The opposite (more phosphorus in the particulate form) may favor precipitation. Regarding the real sewage condition, this range could be attributed to toilet use by the office staff (more urine and detergents), resulting in more soluble phosphate. As mentioned before, the same behavior was observed with the COD/SCOD ratio.
Considering the high variation in influent TP concentration and constant FeCl 3 applied, a large range in the Fe:P ratio was observed, ranging from 6:1 to 0.75:1 in terms of molar concentration. De Haas et al. (2000) , using pilot plants for co-precipitation, found that 0.75 of precipitated phosphorus per each mol of Fe added is a suitable ratio when the initial phosphorus concentrations are greater than 10 mg.L -1 . However, the authors stated that no consensus for the optimal Fe:P molar ratio is established, with values ranging from 0.80 to 7.17 reported for different biological treatment systems in the literature. Filali-Meknassi et al. (2005) applied a molar Fe:P ratio of 1.73 to achieve a P concentration below 1 mg P.L -1 in the SBR effluent. Li et al. (2014) applied different ranges of the Fe:P molar ratio (from 1.5 to 2.7) to verify the performance of the anoxic reactor on co-precipitation. An Fe:P molar ratio of 2.0-2.2:1 showed satisfactory soluble phosphorus (SP) removal, resulting in an average final SP concentration ranging from 0.48 to 0.76 mg/L.
Moreover, a reduction in SVI was observed from phase I (85 mL.g -1 ) to phase II (66 mL.g -1 ). Zhang et al. (2013) also obtained a decrease in SVI from 126 mL·g −1 to 98 mL·g −1 , indicating that co-precipitation could improve sludge settleability. According to Metcalf & Eddy (2003) , SVI values below 100 mL·g −1 indicated a good sludge settleability. The VSS/TSS ratio decreased from phase I to phase II (0.41 to 0.22), indicating a significant biodegradation reduction due to the addition of FeCl 3 . However, the TDS remained during both phases (Table 2) in accordance with the discharge limits (Santa Catarina State Law 14.675/09 -500 mg TDS.L -1 ).
Biological analysis
During phase I, the optical microscopic analysis showed heterogeneous sludge samples with regular size of flocs within well-structured colonies. The flocs were comprised of irregular arrangements of cocci and rod cells, suspended matter. The occurrence of filamentous organisms was low in many samples. As expected, FISH analysis revealed the predominance of bacteria presenting 85% of DAPI-stained cells for EUBmix ( Figure 3) . These percentages of bacteria abundance in activated sludge flocs were also reported in previous studies (Wong et al., 2005; Fernandes et al., 2013; Mehlig et al., 2013) . PAOs (Candidatus "Accumulibacter" cluster) were found at low concentrations (average 10% of DAPI-stained cells) as demonstrated in Figure  3 . PAOs are favored in SBRs because of their competitive advantages over non-poly-P accumulating microorganisms and their ability to survive during food shortage periods. However, the low food availability (COD concentration) and the competition for carbon source with GAOs may have caused lower biological P removal efficiency in this study (phase I). In some plants, specially designed and operated for P removal, PAO abundance could reach 80% of DAPI-stained cells (Oehmen et al., 2007; Zou and Wang, 2016) . However, in most common activated sludge plants, Candidatus "Accumulibacter" comprises on average only 13% of DAPI (Mehlig et al., 2013) .
The findings revealed that biological P removal (phase I) was possible. In spite of low carbon availability, the total phosphorus removal efficiency reached 42%. These results are consistent with other studies of biological P removal in SBR (Fernandes et al. 2014; Jafarzadeh et al., 2014) .
When the food/microorganisms ratio is constantly low, as presented in this study, PAOs are unable to produce ATP and new cells efficiently, decreasing biological P removal. In this case, the operation requires complementary chemical precipitation to improve the removal efficiency of phosphorus.
Regarding the co-precipitation period (phase II), bacteria predominance was also high (80% of DAPIstained cells for EUBmix) and no influence of ferric chloride addition was observed. Compared to phase I, the relative presence of active PAOs and GAOs decreased from 10 to 7.5% (PAOs) and from 5 to 2.5% (GAOs) during phase II (Figure 3 ). Despite the observed decrease in the presence of PAOs and GAOs, it is not possible to assert that it occurred due to FeCl 3 addition.
Denitrifying organisms could appear to be more negatively affected during phase I due to nitrate accumulation, as observed in Table 2 . However, it is important to note that ferric chloride can cause precipitation of anions, such as nitrate, removing it from the water column (Philips et al. 2003) . Thus, the nitrate removal observed in phase II was probably not due to denitrification, but precipitation. Also, Fe (III) can serve as an electron acceptor for organic matter oxidation, neutralizing the nitrate function in the denitrifying metabolism. Supporting this, the FISH analysis of PAE (Pseudomonas spp population) showed a significant reduction of relative abundance from phase I (25%) to phase II (10%).
Through specific oxygen uptake rate (OUR s ) assays, it was possible to show that the DO consumption velocity was higher during phase II than phase I, for both autotrophic and heterotrophic metabolism (Table  3 ). It could be inferred that chemical precipitant does not affect the respiration metabolism of the microorganisms in SBR mixed liquor. Fernandes et al. (2014) achieved OUR s (mgO 2 .gVSS -1 .h -1 ) values two to four times greater (5.51 and 11.42 for nitrifying and heterotrophic biomass, respectively) in a fullscale step-feed SBR for urban wastewater treatment. According to the authors, the dissolved oxygen uptake and aerobic microbial respiration of a system are closely linked and are particularly sensitive to changes in microbial activity.
The results of active autotrophic and heterotrophic biomass presented in Table 4 , corroborated the results of FISH analysis, where the percentage of nitrifying and denitrifying organisms decreased in phase II. The active heterotrophic biomass (represented by denitrifying organism) dropped from approximately 212 mg.COD.L -1 in phase I to 47 mgCOD.L -1 in phase II. Additionally, the active autotrophic biomass was lower during phase II (2.87 mgCOD.L -1 ) compared to phase I (26.43 mgCOD.L -1 ). An overall reduction of active biomass concentration (heterotrophic and autotrophic biomass) of 80% was verified during phase II (Table 4) , indicating a possible effect of chemical precipitant on biomass concentration. The species composition and concentration depend on wastewater composition and system operation; changes in growth conditions such pH, temperature, alkalinity, and dissolved oxygen may determine diversity of species (Daims et al., 2009; Fernandes et al., 2014) .
The sludge capacity for the biological phosphorus uptake rate (PUR) from wastewater is represented in Figure 4 for both phases. Considering phase I, the phosphate concentration increased during the anaerobic condition, however, the phosphorus released * Specific oxygen uptake rate in terms of TSS present in the mixed liquor sample. was not totally absorbed during the aerobic condition by PAOs, but DPAO could have done it (Figure 4a ). Different than expected, the P uptake rate was higher for DPAO (1.09 mgPO 4 .g -1 .VSS -1 ) than PAO (0.69 mgPO 4 .g -1 .VSS -1 ), corresponding to DPAO activity of 63%. In contrast, Monclús et al. (2010) reported different behavior, presenting a DPAO PUR of 5.08 mgPO 4 .g -1 .VSS -1 and PAO PUR of 13.60 mgPO 4 .g -1 . VSS -1 , corresponding to 37% of DPAO activity. However, Fernandes et al. (2013) reported DPAO activity of 70% in a full-scale SBR, with the higher activity of this group justified by low DO levels (0.3 mgDO.L -1 ) and nitrate availability, as well as in the present study where average DO concentration was 0.9 mg.L -1 .
Considering co-precipitation (phase II), the PAOs phosphorus uptake rate was negative, whereas for DPAOs, PUR reached 0.62 mgPO 4 .g -1 .VSS -1 . This result may be assigned to PAO inhibition and phosphate immobilization by FeCl 3 . Puig (2007) , studying P uptake rate under different carbon sources and adaptation times, related values between 0.7 and 7.0 mgPO 4 .g -1 .VSS -1 , showing that PUR is affected by parameters such as the configuration of the system and the influent characteristics. Thus, a sequence of anaerobic-anoxic-aerobic phases with multiple feeding events is a promising strategy for removing nutrients from wastewater. Moreover, the removal performance is strongly influenced by the C:N:P influent ratios. If the carbon concentration is not high enough, the first process affected is the phosphorus removal.
The overall better efficiency of DPAO's phosphorus uptake compared to PAO's PUR could be explained by DPAO's capacity to use the abundant nitrates during anoxic phases and their apparent advantage over GAOs during carbon source competition. Figure 4b demonstrated the inhibition of biological phosphorus uptake during phase II. Phosphorus absorption did not occur in the aerobic condition, resulting in negative phosphorus removal efficiency at the end of the test.
CONCLUSIONS
The findings demonstrated that co-precipitation could enhance the efficiency of phosphorus removal, mainly for effluents with a low C:P ratio, where the EBPR process is normally limited. However, the addition of FeCl 3 could have detracted from the denitrifying organisms' activity, even in suitable dosage -a fact which must be observed.
FISH analyses did not demonstrate a strong PAOs inhibition, although nitrifying and denitrifying organisms (NSO and PAE) showed a significant reduction during phase II (with ferric chloride). Additionally, an overall reduction of active heterotrophic and autotrophic biomass concentration of 80% was noted during phase II, indicating a possible metabolic inhibition effect of the chemical precipitant on biomass concentration. The bench tests showed the higher activity of DPAOs over PAOs, mainly for phase I, without ferric chloride.
